Abstract-In a shadowing-free environment, the improvement introduced by slow frequency-hopping (SFH) on a time-division multiple-access based mobile radio system can be taken into account by redefining the minimum carrier-to-interference ratio. This protection ratio, with SFH, is dependent on the transmission system, channel model, traffic, and frequency reuse parameters. In this paper, the above-mentioned analysis is used in order to investigate the capacity of a SFH mobile radio system, with reference to both the uplink and downlink, by taking into account a complete scenario, i.e., shadowing, fast fading, power control, antenna diversity, discontinuous transmission, and forward error correction with nonideal interleaving and sectorization. Outage probability is evaluated by a completely analytical methodology for the uplink, whereas the downlink requires a semianalytical approach to take users' positions into account. Comparison with a pure simulative approach is used to validate the results.
I. INTRODUCTION

R
ECENT research on mobile radio systems has regarded the appropriate adaptive exploitation of available radio resources. From the operator point of view, system capacity and grade of service are focal points.
Different contributions have recently emphasized the benefits derived from frequency and interference diversity due to slow frequency-hopping (SFH) [1] - [7] ; however, most of them have based their evaluations on simulation techniques at different levels. Some of these are based on bit-level simulation, where the performance are evaluated by comparing transmitted and received bits, whereas some others are based on hop-level simulation, where the instantaneous carrier-to-interference ratio (CIR) is evaluated for each hop. Therefore, random variables are generated according to a time scale equal to the bit and hop duration in the former and latter case, respectively.
Here, a different approach is followed by placing emphasis on the analytical aspects, when possible, and on proper definition of the main quantities significant for network design and management.
In this paper, we consider a cellular scenario with rapidly changing fading, shadowing, interference, and noise, and we carry out the quality-of-service (QoS) analysis with and without power control (PC), -branch antenna diversity, and sectorization. As far as transmission and multiple access are concerned, we will refer to SFH/TDMA (time-division multiple-access) systems with block coding for forward error correction (FEC). However, other coding, modulation schemes, and channel models can be easily considered by determining the protection ratio as explained in Section II.
Both uplink [mobile station (MS) to base station (BS)] and downlink (from BS to MS) are taken into account and compared. The tool pointed out is quite original in the sense that the results are completely analytical for the uplink, whereas the downlink requires a simple simulator to take users' positions into account and to generate few lognormal random variables.
Moreover, it should be underlined that the paper clearly defines the main quantities involved in the performance evaluation, leading to clear interpretation of the numerical results, thus overcoming the problems produced by some simulation approaches that appeared in the literature.
II. METHODOLOGY AND ASSUMPTIONS
In this section, we will outline the analytical methodology used to derive the effect of SFH in our scenario [8] , [9] . In fact, as far as transmission and multiple access are concerned, we will refer to SFH/TDMA systems with block coding for FEC. More precisely, the multiple-access scheme is the so-called mixed mode SFH, where users in the same cell adopt orthogonal hopping sequences, and where the hopping sequences are assumed uncorrelated in different cells. Hence, intracell cochannel interference (CCI) is absent, whereas cells reusing the same set of channels give rise to intercell CCI.
When considering frequency-hopping (FH), the code error correction capability must be carefully taken into account, since considerations based on the average interfering power hide the interference diversity effect. For example, the same average (in time) interfering power can be due to strong contributions concentrated over small time intervals or to lower powers over larger time intervals, the two situations being very different for FEC. So, the resulting performance is related to the interleaving depth and on FEC.
In this paper, we carefully take into account both (nonideal) interleaving, coding strategy, and CCI characteristics due to FH. To this aim, we will refer to the data structure shown in Fig. 1 per codeword, i.e., bits per codeword), so is the code rate. A codeword is time interleaved over TDMA slots (with number of hops per codeword), giving symbols per hop. When we use frequency hopping, these TDMA slots are mapped onto different carriers. This scheme is well suited to describe, for example, mobile radio systems. In fact, in actual mobile radio systems such as GSM, due to delay constraints, the interleaving cannot be ideal, so that we still have many bits of the same codeword per TDMA slot.
Moreover, we assume that the useful received signal is affected by frequency-nonselective Rayleigh fading, with a mean power, evaluated over the Rayleigh statistic, indicated as , thermal noise, and for some hops, CCI. In the following, it will be carried out how it is possible to consider different transmission systems, channels, and codes.
The problem of the evaluation of error correcting codes over such channels has been investigated in [8] - [10] . For the sake of completeness, a short description of the methodology is here reported.
As we are mainly interested in speech transmission, we assume that the perceived QoS at the mobile user is related to the error rate observed in a time interval of few seconds [11] . This can be evaluated as a proper error probability by taking into account the statistics of the disturbances that are rapidly changing in this interval. The term "rapid" is to be referred to the time window required to evaluate QoS.
When we are interested in applying this approach to SFH mobile radio systems, we must carefully consider the rate of change of the various impairments. In this respect for actual mobile radio systems such as GSM, since the number of hops per second is quite high (e.g., GSM uses 217 hops/s), the channel variations due to SFH must be handled as rapidly changing variables [2] .
In evaluating the effects of FH combined with FEC on the error probability, we assume that different hopping carriers experience independent fading. This appears to be acceptable if the separation between the FH carriers is sufficiently high with respect to the coherence bandwidth of the radio channel [12] .
In [8] , it is shown that the average codeword error probability for a block code with hard decisions decoding over a block fading channel can be analytically computed starting from the evaluation of the statistical moments, over the rapidly changing disturbs, of the bit-error probability for the modulation format under consideration (1) In order to use this approach, we have to specify what the rapidly changing (or "fast") disturbs are for an SFH/TDMA scenario. The interference comes from cells; from the th cell, we have, when present, an interfering power (mean value over rapidly changing variables). The probability that a user in an interfering cell is transmitting on the same carrier and time slot of the useful link is the collision probability that is a function of and , where the system load is the ratio between the active users per area and the number of available channels per area, and the voice activity factor takes into account the reduction in collision probability due to discontinuous transmission (DTX). For the downlink with control channel (CC), an appropriate expression for will be carried out.
When considering uniform spatial traffic distribution and resource allocation, is the same for each cell. Let us first assume a uniform interference power distribution, such that Due to noncoherence, the signals add on a power basis. Therefore, we have in each hop a random total interfering power being the Binomially distributed random variable (r.v.) representing the number of active interfering cells in the hop (same carrier and time slot). In this scenario, the rapidly changing disturbs are the Rayleigh fading and the number of interferers (each with mean power Therefore, the moments of the bit-error probability in (1) have to be evaluated as follows: (2) where is the conditional bit-error-probability moment given an interfering power
The details on the evaluation of are explained in [8] and [9] . Moreover, antenna-diversity strategy with -branch and maximal-ratio combining (MRC) can be taken into account.
It is worth noting that (2) holds assuming the interferers mean power levels to be all equal and the probability of interference the same for each cell. However, it can be observed that with good approximation, the same curves of versus are obtained by changing and to give the same product (note that is the interference from one cell). To emphasize this aspect, let us observe Fig. 2 , where a comparison between two different scenarios is shown: a single-cell interference and a six-cell interference . From the different couples of curves reported when varying the product we conclude that we can always refer to the one-cell scenario curves.
As far as the case of interfering cells with different power levels is concerned, we checked that when fixed and the worst performance is that referred to equal power levels Therefore, in general we will evaluate the upper bound given by an interfering power per cell As a result, by fixing the maximum allowed codeword error probability , we can find a protection ratio defined as the minimum required (ratio between the useful and interfering mean powers during a collision); is a function of the collision probability the number of hops per codeword, and the FEC choice. On the other hand, with this definition, we can evaluate the mean (over the rapidly changing fading) interfering power, disregarding whether a collision occurs or not, since the effect of eventual collisions is taken into account in the threshold So, takes into account, through for traffic and resource management strategies, besides the robustness to CCI of the modulation and FEC choices. It is important to underline that the procedure proposed here is general and can be used for more complex transmission systems affected by flat or frequency-selective fading, with different choices of codes. The only step required is to determine the protection ratio as a function of ; can be carried out by simple simulation, in general, and analytically in some cases. For block-codes and flat fading (i.e., Rayleigh, Rice, Nakagami) it is possible to analytically determine this protection ratio, and in the following we will refer to this choice. In this regard, in Fig. 3 , we report as a function of the product for a Reed-Solomon code [13] RS(12,6,3) on GF(256), minimum-shift keying (MSK) with coherent detection and matched filters over Rayleigh fading, with and without two-branch MRC antenna diversity, by fixing a maximum codeword error probability
The case of convolutional codes is studied in [17] .
We will show that a FH cellular system can be designed starting from these curves. The curves clearly show how to design the system. In fact, by traffic parameters, we can obtain from which the minimum can be identified; this can be used to obtain the minimum allowable reuse distance, as explained in the following sections.
III. CAPACITY EVALUATION
In this section, starting from the analytical methodology previously presented, we evaluate the capacity of the mobile radio system, taking shadowing, users position, and DTX controlled by voice activity detection, into account. The role of broadcast CC's, such as the BCCH in GSM, will be discussed.
The system load is the ratio between the active users per cell and the number of available channels per cell active users/channel (3) where is the number of active users per cell, is the number of time slots per frame, and is the number of carriers per cell.
By assuming uniform spatial traffic distribution and resource allocation, is the same for each cell. Hence, the probability of interference from one cell in a given hop is generally (4) However, the use of a CC requires an appropriate expression for that will be carried out in Section V.
In [2] and [7] , the capacity is often referred to the spectral efficiency expressed in users/cell/MHz.
Here, we prefer to relate the performance to the collision probability since it does not depend on the channel bandwidth and cluster size; the relationship with other figures is straightforward. For example, spectral efficiency in users/cell/MHz is given by users/cell/MHz (5) where is the channel-spacing in megahertz. In order to properly define the area coverage, we think it opportune to start from quality and not only from power considerations. In fact, the use of FH and FEC makes the quality dependent on a number of factors and not only on signal-tointerference ratio [14] , as explained in previous sections.
We will consider "in service" a user whose average codeword error probability, evaluated over the rapidly changing disturbs, is below a maximum tolerable value
The "outage" is represented by the opposite situation. By taking into account the variability of path loss and shadowing (due to different user's position within the serving cell 1 ), it is possible to evaluate the "outage probability," that is (6) So, from an "area coverage" point of view, can be interpreted as the area fraction where whereas is the area served with acceptable quality. As far as the PC strategy is concerned, we assume that the transmitter adapts its power to maintain constant the average (with respect to rapidly changing fading) received power.
However, this operation can be affected by an error that is usually modeled as a residual lognormal shadowing, so that we can assume the th mobile transmitting the power (7) where is the distance between the transmitter and the receiver, defines the propagation law, accounts for the shadowing with parameter (so it is equal to with standard Gaussian r.v.), and is a lognormal r.v. with parameter due to imperfect PC. is a constant, assumed equal for all transmitters, that does not influence the results unless we consider interference-limited systems.
The r.v.'s characterizing shadowing and PC error are assumed mutually statistically independent.
Four different situations will be investigated in what follows, namely the uplink with and without PC and the downlink with and without PC.
IV. ANALYSIS OF THE UPLINK
The situation for the uplink is depicted in Fig. 4 . As a consequence of mixed mode SFH, we can have in each hop, at most, one interferer from one cochannel cell. Let us start by considering the CCI due to one interfering cell.
By indicating with and the distance and shadowing level of the mobile interfering station (MI) with respect to the desired BS (BSU) link (see Fig. 4 ), the average received interfering power is (8) where is the transmitted power, and is a constant depending on antenna gains and wavelength. We will assume the same for all the transmission links, so that in the following, without loss in generality, we will assume However, in the uplink, the interfering mobiles can be distinct for different collisions. For example, in Fig. 4 , the case of two interfering mobiles is illustrated (MI1 and MI2). As the hopping sequences of different cells are assumed uncorrelated, in each hop the base station BSU can observe no interference or interference from MI1 or MI2 in a random way.
More generally, the probability of interference is related to the number of active interferers and possible hopping carriers. Since the interferers change at each hop, the process describing the interference is a block fading process, with mean power equal to the mean over all possible interferers and positions in the cochannel cell, giving again as collision probability (remember that at most one interferer per hop is present for each cochannel cell). Therefore, we will deal the cell as an equivalent interferer, colliding with probability with a mean power where (9) and the average is evaluated over all possible positions (transmitted power and shadowing) of the interfering mobiles. In other words, for the uplink the CCI acts as a rapidly changing variable, whose mean value can be simply evaluated by geometric considerations, by fixing the spatial distribution of users. In the following, for the sake of simplicity, we will assume users uniformly distributed within the cell area.
When a more complete scenario is to be analyzed, with several interfering cells, all at the same distances and with the same collision probability we have to evaluate the average collision interference from each cell and then apply the analytical methodology of Section II.
However, for some scenarios it will be necessary to evaluate the role of many rings of interfering cells. For example, let us assume that the interferers can be grouped in two rings at different distances from the useful receiver, with cells each. In this case, the interfering power can assume the values (10) where and are the average interfering powers from the generic cell of rings and , respectively. The random variables and representing the number of interferers from rings and are independent and binomially distributed, with parameter Therefore, the moments of the bit-error probability (2) should be replaced by (11) The extension to more than two rings is straightforward.
However, by using this approach, we found that the first ring is always dominant, and other rings can always be neglected except for low cluster sizes or low propagation exponent.
In all cases, we will assume the power coming from an angle rad as due to a single interfering cell, with power (12) where is the number of significant rings (tiers) to be taken into account. 2 From a computational point of view, we will refer to an area of 37 hexagonal cells, with the useful cell in the center. In this regard, in the absence of sectorization we will consider for for and for . We will denote by the distance from the BS of the th ring and the BSU, when is the cluster size; the normalized distance is defined as (13) where is the cell radius. For our purposes, we will use
A. Uplink: No PC
We analyze first the uplink without PC, with the view to evaluate the CIR from one equivalent cell Let us observe that the transmitted power, in this case, is a constant, for all the mobiles. Hence, the average 
is the average value of the lognormal r.v. By introducing the normalized distance , we obtain (16) with (17), shown at the bottom of the page. Generally, (17) can be evaluated by numerical integration. However, it can be shown that has a closed form when is even, and in particular, we will use (18) The numerical values of are reported in Table I . In conclusion, the CIR from one equivalent cell 3 is
In the previous expression, we have the r.v.'s (lognormal) and to give uniform distribution within a circle of radius has the probability density function for and zero elsewhere. By fixing FEC and modulation, and we can derive the protection ratio (when there is a collision) e.g., from Fig. 3 , as discussed in Section II. Therefore, the outage probability becomes (20) 3 Remember that this is the ratio between mean powers, where the mean is over the Rayleigh fading when a collision occurs. (14) (17) which can be written 
This equation, in conjunction with (22), gives a closed-form expression of the outage probability of SFH systems with reference to the uplink in the absence of PC.
B. Uplink: PC
In the presence of PC, the useful average received power is independent of the position of the mobile (25) being due to imperfect PC. As far as the interference is concerned, the power transmitted by an interfering mobile is (26) where are related to the link between the MI and its base station, BSI. Since the MI changes at each hop, must be considered as rapidly changing variables. Therefore, with reference to one cell, (9) gives (27) Hence, similarly to the case without PC, the average interference (12) is (28) The previous equation can be rewritten (29) with (30) Even in this case, (30) can be evaluated by numerical integration. However, a closed-form expression can be analytically derived when is even, and we will use (31) where, for the sake of simplicity, is used for Function is reported in Table I . In conclusion, the CIR is (32) where only one r.v. must be considered, which is lognormally distributed Hence, the outage probability is (33) where (34) Moreover, for perfect PC and the CIR becomes (35) Therefore, in this case, if the reuse strategies (defining ), traffic parameters, modulation, and FEC (defining ) make all the mobiles in the cell are in service with codeword error probability lower than ; otherwise, all mobiles are in outage. This on-off behavior of outage is due to the use of PC and FH.
C. Effect of Sectorization
The use of sectorization will be shown to be fundamental to achieve small cluster sizes. In this section, we assume that each cell is covered by 120 sectors, and that the available channels per cell are equally subdivided over the three sectors. With this choice, we have that and are divided by a factor 3, so the collision probability is invariant, but the number of interfering cells is three times lower.
The analysis is exactly the same as in previous sections, except that we assumed the interference coming from two equivalent cells , and that the evaluation of and must take into account that the r.v. is uniformly distributed over a range. The values of and when sectorization is used are reported in Table I .
V. ANALYSIS OF THE DOWNLINK
A. Downlink: Without PC
In the downlink scenario, the interferers are the base stations of the reuse cells (see Fig. 4 ). So, in the absence of PC, the path-loss and the shadowing are constants over many codewords and must be regarded as "slow" variables.
Therefore, in this case, it is necessary to generate the position of the useful mobiles in order to evaluate the distances of the various received components and the shadowing related to each radio path. At this point, the mean values of the rapidly changing variables are known and can be used to derive the error probability as explained in Section II.
More precisely, the received interfering power from the th cell of the th tier is (36) Consequently, the CIR from one cell can be expressed as (37) where are lognormally distributed, and depend on the position of the useful mobile.
In this case, we used a simulative approach, with random generation of the position of the useful mobile inside the serving cell, calculation of for the considered cells, generation of the shadowing variables and evaluation of (36). Then, the CIR from each cell is evaluated by assuming equal interference from each of them, to give the same total interfering power that, as stated in Section II, constitutes the worst case.
B. Downlink: With PC
When PC is present, each BS adjusts the transmitted power hop by hop to provide an average constant received power to the served mobiles within its cell.
Therefore (38) is a rapidly changing r.v., because and change at each hop.
This means that we must take into account instead of for the interferers and instead of for the useful link. So (39) and the received interfering power from the th cell of the th tier is (40) Consequently, the CIR from one cell can be expressed as (41) where are lognormal distributed, and depends on the useful mobile position. Here, we must resort to a simulative approach, with random generation of the position of the useful mobile inside the serving cell, calculation of for the considered cells, generation of the shadowing variables and evaluation of (40). Then, the CIR from each of cells is evaluated by assuming equal interference from each of them, to give the same total interfering power.
C. Effect of Broadcast Channels on the Downlink
A broadcast CC is always present in the downlink to deliver common information and to allow channel measurements [15] .
We assume that, due to the necessity to allocate a CC and in order to allow time-unaligned channel measurements, one TDMA slot of one carrier is occupied by this CC, and that the remaining TDMA slots of the same carrier are always transmitting, eventually filled by dummy packets.
For example, in the GSM system, the carrier of the BCCH is always transmitting to allow power measurements.
It is evident that the presence of one carrier that is always active changes the collision probability. The collision probability should be calculated, taking into account that hopping on a carrier used by the BCCH means a collision, even if no users are active on the reuse cell. Assuming carriers, one of which is always active for the CC, and TDMA slots per carrier, the traffic available channels are
Considering that the channels are assigned randomly among those available, the collision probability can be derived to be
The collision probability of (42) is always greater than that of (4).
These relations should be used in place of (3) and (4) to evaluate the collision probability when a broadcast channel is employed.
VI. NUMERICAL RESULTS
In the following, the results are carried out for an FH system employing MSK with coherent detection, a RS (12, 6, 3) on code [7] interleaved over six hops such that the number of symbols per hop is (i.e., 16 bits/hop). We have checked that both for uplink and downlink, the performance is strongly dependent on the shadowing and the propagation exponent with special regard to the interference effects. In the figures, we consider that the shadowing has dB and the propagation exponent is
The results are presented for cluster sizes and with and without sectorization and antenna diversity. The diversity scheme is the so-called MRC with a two-branch antenna, which is analyzed in [8] .
For both uplink and downlink, the circled curves represent the performances with antenna diversity.
As explained in the previous sections, we refer the performance to the collision probability
The transformation from the collision probability to the system load and spectral efficiency is straightforward. For example, using (5) and considering slot/frame, MHz, the spectral efficiency is [users/cell/MHz]
In a more complicated scenario without synchronization among base stations and propagation delays, one interfering hop can partially hit two consecutive time slots. The performance in this case can be upper-bounded by considering that each partial collision produces two full hits. So, the outage will be included in a mask with the lower bound as a function of and the upper bound as a function of (obtained by the same numerical results in the paper), where (no partial interference) and (partial interference bounded by full hit).
A. Uplink Results
In this case, the results are completely analytical, involving the use of (24), (33), and as a function of as in Fig. 3 . In doing this, we assume a threshold on the codeword error probability It is important to underline that antenna diversity at the receiver can be easily adopted in the uplink.
In Fig. 5 , we report the outage probability for the uplink without PC as a function of the collision probability Note that the maximum investigated value of is 0.5 since, even with full loaded systems, the use of DTX with a voice activity of 50% makes From this figure, we deduce that with SFH and sectorization, it is possible to achieve very small cluster sizes provided the system load is kept sufficiently low. This behavior is typical of CDMA systems, and SFH combined with TDMA can be viewed as a matter of fact as belonging to this class of multiple-access schemes.
Let us now assume, as an example, a requirement of 90% area coverage, so that As can be noticed, cluster sizes or greater assure the fulfillment of the required quality even with 100% system load.
From a frequency-planning point of view, the case of full reuse, i.e., is interesting since this means that cell planning must be mainly oriented to traffic control. We can see from the figure that in order to use we must adopt sectorization and antenna diversity. Moreover, the number of served users must be kept low to give that means, assuming 50%, a system load at most equal to 20%.
In Fig. 6 , some results are shown for the uplink, by assuming imperfect PC with dB. It can be easily verified from (35) that with perfect PC, the cell is completely covered or in outage, depending on the generated interference level, i.e., on
On the other hand, imperfect or absent PC makes the degradation more soft with increasing traffic load, as can be observed in Fig. 6 .
Moreover, in the uplink, PC increases the spectral efficiency. Comparing Figs. 5 and 6 it is possible to note as for antenna diversity and sectorization, the maximum collision probability is 0.1 in the absence of PC (for , whereas is increased to 0.38 with imperfect PC.
The quite interesting result is that for the considered scenario it is possible to achieve full reuse by adopting sectorization and antenna diversity. 
B. Downlink Results
For the downlink, the same conditions for shadowing, pathloss, and code interleaving as for the uplink are taken into account.
In order to validate the proposed methodology, we present also some results obtained by a brute-force bit-level simulation. We have simulated the cellular system by generating the transmitted symbol sequences of the desired users and of the interfering users in the reuse cells. Then, we have considered the received samples at the input of the decision device at the receiver assuming MSK with coherent detection and matched filtering, taking into account user's position, rapidly changing fading, shadowing, CCI, and DTX. The rapidly changing fading level is assumed frequency-nonselective and randomly generated with Rayleigh distribution: it is assumed constant over a block of symbols and independent from block to block. Each interferer is generated by considering a time delay uniformly distributed in (with symbol time), a phase delay uniformly distributed in and independent symbols taking values in the set
The effect of DTX is to reduce the collision probability as indicated in (4) . From these, we derived the number of errors per codeword and finally the outage. For each user's position, codeword have been transmitted in order to compare the codeword error rate with the threshold The number of simulated user's position has been chosen to give at least 200 outage events. The almost perfect agreement of the pure simulation results with our approach can be appreciated in Fig. 7 . Let us note, in this regard, the dramatic change in the time needed to get the results. To obtain one point in Fig. 7 , few seconds for the semianalytical method are necessary, whereas the simulative approach requires several days of computation time (on a Pentium II 300-MHz equipped computer).
In Fig. 8 , the results for the downlink with 120 sectorization in the absence of PC are presented. Two-branch antenna diversity is also considered, although it is less simple to be realized than in the uplink case. Hence, by comparing the results with antenna diversity in Fig. 5 with that of Fig. 8 without antenna diversity, it is clear that for the considered scenario dB), the spectral efficiency is limited by the downlink.
The results presented in Fig. 9 assume imperfect PC with dB and 120 sectorization. It is interesting to observe that for the downlink, the PC adopted in this paper can deteriorate the performance, in line with [16] . However, the methodology presented here can also be used for other PC strategies, by suitably modifying (7), as explained in [18] .
VII. CONCLUSIONS
By means of an analytical procedure able to take fading, shadowing, power control, antenna diversity, cell sectorization, interference, and noise into account, the outage of FH mobile radio systems has been analyzed in a cellular scenario, both for the uplink and downlink. It has been discussed how to include FH in the spectral efficiency evaluation of a complex cellular system, where modulation and coding strategies are taken into account by properly redefining the protection ratio. In the uplink case, the solution is completely analytical; in the downlink case, however, the simulation of a few lognormal random variables is necessary. With 120 sectorization, PC, and antenna diversity, the full reuse of frequency is possible, and this is very important from a frequency planning point of view. Comparison with bit level simulation fully confirm the validity of the approach. Finally, it should be underlined that the paper clearly defines the main quantities involved in the performance evaluation, leading to a clear interpretation of the numerical results, thus overcoming the problems produced by some simulation approaches appearing recently in the literature.
